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Abstract

We conducted studies to measure sources of assay
variability for estrone, estradiol, estrone sulfate, and
progesterone for postmenopausal women (n = 5) and for
women in the mid-follicular (n = 5) and mid-luteal (n =
5) phases of the menstrual cycle. A single blood sample
from each woman was divided into 2.5-ml aliquots and
stored at —70°C, and sets of two aliquots were sent at
monthly intervals to each of three laboratories (four for
progesterone). Each aliquot was analyzed in duplicate.
Thus, within each menstrual category, we were able to
estimate the components of variance due to variation
among women, variation among aliquots, variation
among duplicate measurements, and variation among the
4 analysis days. Using the logarithm of assay
measurements, we estimated the percentage of variance
attributable to variation among women in each menstrual
category, 100 p, where p is the estimated intraclass
correlation. For each assay, 100 p exceeded 90% for mid-
follicular and mid-luteal women. For postmenopausal
women, values of 100 p exceed 84% for estrone in two
laboratories. Values of 100 5 were lower for progesterone
in postmenopausal women, although a value of 84% was
estimated from one laboratory. These studies indicate
that estrogen assays over a period of 3 months permit
reliable comparisons among women in a given menstrual
category. Progesterone measurements are likewise
reliable for women in the mid-follicular and mid-luteal
phases but somewhat less satisfactory for postmenopausal
women. These assessments of variability pertain only to
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Reproducibility Studies and Interlaboratory Concordance for Assays of
Serum Hormone Levels: Estrone, Estradiol, Estrone Sulfate, and
Progesterone

laboratory techniques and do not allow for secular
variation in intra-woman hormone levels. Moreover,
although these measurements tend to be reliable enough
for making comparisons among women, estimates of
coefficients of variation for estrogens are about 10% for
mid-follicular and mid-luteal phase women and about
11-20% for postmenopausal women. Coefficients of
variation for progesterone are about 10% for mid-luteal,
20% for mid-follicular, and 30% for postmenopausal
women,

Introduction

NCI? has sponsored and is planning several field studies to
evaluate associations between serum hormone levels and risks
of various cancers, such as breast cancer, endometrial cancer,
and prostate cancer. The success of such studies depends on the
reproducibility and accuracy of hormone assays as performed
by laboratories with the capacity to perform large numbers of
tests. Concerns have been raised that the degree of variability in
assay results is so great as to degrade the power of studies to
detect associations between hormone levels and cancer risks (1,
2). For these reasons, the NCI has conducted a feasibility trial
lo determine the reproducibility of assay results on the same
day and across time in four laboratories with the potential to
perform these assays for large-scale epidemiological surveys.
Epidemiological field studies may require that samples be an-
alyzed over a period of months or years. For example, samples
may bec mailed for analysis during the course of a long study,
or limitations on laboratory capacity may necessitate carrying
out analyses over a period of months. For this reason, we have
estimated assay variability over time using monthly measure-
ments over 3 months. The present report deals with the four
hormones estrone, estradiol, estrone sulfate, and progesterone.

Because these hormones are influenced by menopausal
status and by phase of the menstrual cycle (postmenopausal,
mid-follicular phase, and mid-luteal phase), and because some
epidemiological studies focus on women in a particular men-
opausal status or menstrual phase, reproducibility data are pre-
sented separately within thesc three categories.

Materials and Methods

Collection and Distribution of Samples. Plasma for the hor-
mone assays was collected from 15 (I black and 14 white)
volunteers working at the NCI. Mid-follicular phase bloods
were collected 6-10 days after start of menses from five
women with regular cycles (mean age, 40 years). Mid-luteal

2 The abbreviations used are: NCI, National Cancer Institute; CV, coefficient of
variation.
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Fig. 1. M ts on from a single subject.

phase bloods (including one from the black volunteer) were
collected 4—6 days prior to the estimated start of next menses
from five women with regular cycles (mean age, 39 years), and
subsequent follow-up confirmed that menses began 4-6 days
after the blood was collected. The timing of the blood draws
was confirmed with the date of the subsequent menses. Five
women had cxperienced natural menopause, with at least 3
years since their last cycle (mean age, 56 years). No women
were currently taking exogenous estrogens.

Approximately 500 ml of blood was drawn from each
woman into a bag containing 750 mg EDTA, equivalent to the
EDTA concentration in lavender-top vacutainers. Plasma was
separated by centrifugation and stored at 4°C. Within 24 h, the
plasma was mixed carefully and aliquotted into 2.5-ml portions,
which were stored at —70°C.

Each participating laboratory received four batches of
samples, with one batch to be assayed at the beginning of cach
of 4 consecutive months. Each batch contained two aliquots
from each of the 15 subjects. The identifying numbers for the
30 samples within each batch were assigned randomly, sepa-
rately for each batch. Laboratory personnel were told only
whether a sample was from a pre- or postmenopausal woman.
Each aliquot was assayed in duplicate. This study design is
depicted in Fig. 1 for a single woman and a single laboratory.
Laboratory Methods. Four laboratories, two academic and
two commercial, recognized for their skill and experience in
measuring endogenous hormones, were invited to participate in
this study. Each laboratory was asked to use their standard
assay procedures and to perform only those assays with which
they had experience. The term “sensitivity™ used below refers
to the lowest mean value that a laboratory will report for
replicate measurements. Sensitivity thus refers o a lower
threshold value for reporting.

Laboratory 1. Estradiol and estrone were measured by ethyl
acetate:hexane extraction, chromatography on celite, and spe-

cific RIA (3-7). Estrone sulfate was measured by ethy! acetate:
hexane extraction of unconjugated estrone, overnight hydroly-
sis of the sulfate conjugate in the aqueous phase, ethyl acetate:
hexane extraction of the hydrolyzed compound, and specific
RIA for estrone (7-10). Progesterone was measured by ethyl
acetate:hexane extraction and specific RIA (11-14). Sensitivity
of the assays reported by this laboratory was 2 pg/ml for
estradiol, 10 pg/mi for estrone, 50 pg/ml for estrone sulfate, and
5 ng/dl for progesterone. This laboratory reported intra-assay
CVs for medium-range quality control pools of 6.2% for estra-
diol, 8.7% for estrone, 7.5% for estrone sulfate, and 8.8% for
progesterone. Interassay CVs were 7.5% for estradiol, 11% for
estrone, 9.6% for estrone sulfate, and 10% for progesterone,
Laboratory 2. Estradiol and estrone were measured by ethyl
acetate:hexane extraction, chromatography on Sephadex LH-
20, and specific RIA using a modification of the procedure of
Wu and Lundy (15). Estrone sulfate was measured by ethyl
acetatechexane extraction of unconjugated estrone, followed by
overnight hydrolysis of the sulfate-conjugated compounds in
the aqueous phase. The resulting estrone was extracted with
ethy! acetate:hexane, followed by chromatography on micro-
Sephadex LH-20 and the RIA for estrone. Progesterone was
measured by ethyl acetate:hexane extraction and a specific RIA
developed in Laboratory 3. Sensitivity of the assays reported by
this laboratory was 5 pg/ml for estradiol, 5 pg/ml for estrone,
300 pg/ml for estrone sulfate, and 10 ng/dl for progesterone.
This laboratory reported interassay CVs for medium-range
quality control pools of 10.8% for estradiol, 9.2% for estrone,
10.5% for estrone sulfate, and 10% for progesterone.
Laboratory 3. Estradiol was measured by ethyl acetate:hexane
extraction and a double antibody RIA kit (Pantex, Santa
Monica, CA). A modification of the procedure recommended in
the package insert was used (16). Estrone and progesterone
were measured directly in plasma using RIA kits from Diag-
nostic Systems Laboratories (Webster, TX) without prior ex-
traction or chromatography. Estrone sulfate was measured by
ethyl acetatechexane extraction of unconjugated estrone, fol-
lowed by overnight hydrolysis of the sulfate-conjugated com-
pounds in the aqueous phase and the RIA for estrone (8).
Sensitivity of the assays reported by this laboratory was 8 pg/ml
for estradiol. 15 pg/ml for estrone, 160 pg/ml for estrone
sulfate, and 10 ng/dl for progesterone. This laboratory reported
intra-assay CVs of 9.2% for cstradiol, 7.4% for estrone, 7.5%
for estrone sulfate, and 7.5% for progesterone. Interassay CVs
were 12.5% for estradiol, 7.7% for estrone, 11% for estrone
sulfate, and 10% for progcsterone.

Laboratory 4. Progesterone was measured using a Coat-A-
Count RIA kit (Diagnostics Production Corporation, Los An-
geles, CA), without prior extraction or chromatography. Sen-
sitivity of the assay, as specified in the kit documentation, was
10 ng/dl. This laboratory reported an intra-assay CV for medi-
um-range quality control pools of 8.5% for progesterone. The
interassay CV was 8.3%.

Statistical Methods. Data were analyzed on the logarithmic
scale (base 10), because this transformation reduced the de-
pendence of the SD of the response on the mean response.
Another rationale for this transformation is that studies of
cancer associations will typically regress log relative risk on log
(hormone) assay levels.

Graphs depict the grand mean overall observations for
each study subject, the mean over aliquots and replicates for a
subject on each of 4 days, and the mean over replicates for each
aliquot (Figs. 2-5). From these figures one can gauge stability
of assay results over time, the magnitudes of various sources of
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“Results.”

To estimate components of variance associated wj
iation among women (¢“,), variation among days of anal
(0°,), variation among aliquots on a given day (o2,), and
variation among replicate measurements for a given aliguot
(0?), we performed a nested ANOVA separately for cach group
of women classified by menstrual phase. Letting y;;, denote the
logarithm (base 10) of the hormone measurement for woman i
(i = 1,2, 3,4, or5) at analysis day j(i) (1, 2, 3, or 4), on aliquot
k(ij) (1 or 2) and replicate I(ijk) (1 or 2), we define the statistical
model

Yim = B+ g+ bj(i\ + oy ot Eygijk)- (A)

In model A, a;. by, Cyijy and €y, are independent normal
variates with mean 0 and respective variances o”,, 6%, o, and
o2, and u is an overall mean. Restricted maximum likelihood
estimates of the variance components were obtained using the
SAS procedure for estimating variance components in a general
linear model, PROC VARCOMP (17). This procedure also
yields an estimate of the variances and covariances of the
estimated variance components. The four required ordered SAS
statements are: PROC VARCOMP METHOD = REML;
CLASSES WOMAN DAY ALIQUOT; MODEL LOG_El =
WOMAN DAY(WOMAN) ALIQUOT(WOMAN DAY);.

Under model A, the intraclass correlation between two
measurements on different days from a given individual is p =
o /(0?, + 0%, + 07, + o*). The intraclass correlation is high
when the variance component associated with women (0°,)
greatly exceeds the sum of the variance components associated
with the assay. Using the “8 method” (18) and estimates of the
variances and covariances of the estimated variance compo-
nents, we obtained an estimate of the SE of p.

Spearman rank correlations were used to estimate con-
cordance of grand mean results among laboratories.

Results

Estrone. Fig. 2a depicts the results for log(estrone) among
mid-follicular phase women. The leftmost symbols for Labo-
ratory 1 (Fig. 2a, Lab I) are grand means of the 4 X 2 X 2 =
16 measurements of log(estrone) for each of the five women.
Note the large differences among these women. The next col-
umn of symbols corresponds to the means of the 2 X 2 = 4
measurements for each woman on analysis day 1, and attached
to these symbols are means of replicates for the two separate
aliquots on that day. Fig. 2a thus allows one to assess not only
variation among individuals but variation among analysis days
for a given individual and among aliquots on a given day.
Variability among replicates is not depicted. Fig. 2a also allows
one to compare Laboratories 1, 2, and 3 not only as to mean
levels of response, but also as to variability. The same symbols
are used to identify an individual across laboratories.

Fig. 2. Estrone measurcments in mid-follicular phase (), mid-luteal phasc (b),
and postmenopausal (¢} women. The leftmost symbols for Laboratory 1 (Lab 1)
are grand means of the 4 X 2 X 2 = 16 measurcments of log(estrone) for each
of the five women. The next column of symbols corresponds to the means of the
2 X 2 = 4 mcasurements for cach woman on analysis day 1, and attached to these
symbols are means of replicates for the two separate aliquots on that day. The
same symbols (*, A, ¥, [J, O) are used to identify an individual across labora- !
tories. i




838  Reproducibility of Serum Hormone Levels

Y
(1]

2.8 Lab1 25 Lab2 28803 4_0_1 Lab 1 ,u,T Lab 2 40 Lab3
1 | 1 1 ¥ g o
< ,4( ¥ » <
26x <4< 2.6{‘.,,"44_(: 264" | ¥uy gssT 3.8 - 38
I3 1 4 ..‘ 4 as a A‘NQN‘A:‘ & 1 “<‘4 1% < 4
@ FYVYS TN . 'y > x
%2.4 AAERAL 2adas Taaa 24 § 201 3.6 3.6 ad A0
5
E- ] ] a3 ] ong
s o ua
% 2.2 2.2 - 2.2+ 5 3.4+ 3.4 d 34-1
by £ 228 78 gn—éuﬁﬁ,{ i
5 4 w 17 *a a% 1 =8
3 204 2.0 204 658 0g °§ g,az-u»tx:ﬁq 3.2 . 3.2
° Wv"v'.v:ir 4 ] 1
3 «8 (4 O&Q?&e o8 'v< : 3.0+ 3.0+ 3.0
s 1840 “31 ;;g 184787, % 1.8 of ve=g ga X 0< a@"ﬁ X
= Vv 4 hAS A ] 3
il oy R e e h o
. 1.6 b ] 1.6 3 2.8 v ¥ 2.8 2.8 -
1.6 “<45<:< 6 ood "G 2 vvvv"' e 4
1 ] ] 17 ", ]
1.4+ 1.4 1.4 264 26T T T 28T T T
12 3 4 12 3 4 12 34 123 4 11 23 4 11 23 4
Da
Grand Pay Grand Y Qrend Day s':.": Day 3’::: Day sr:lr:id Day
Mean Mean Mean
Lab3 Lab1 Lab2 Lab3
27 1 27 3.8 . 3.8 3.8
. |
; 4
2.6+ 26 A
6 ] ahd ad 2 - 0{2&;
25 25 aa § 36 3.6 3.6 L pnaas d
= - A
5 ] > 1 4 | sk
a 24+ 2.4 ‘," 4" s e ah
= E ™ 5 HES 3
g ,.] 23 Yy ¥y Ty B 34~ aagd & . 34 gﬁA, 3.4
o v. -] P TN b4
Z {1 7 s e i“i ] a ol FR0E
U 2.2 22+ e % 1o vy
s A Jo w v, R
o <ﬂ=ﬂ"ﬁ 5 3.2 3.2 324 ¥ Vv
S 2.1-‘ 2.1 2
k) A ] = J 4 4
o 2.0 2.0 < 5
2 oegol ° '
2 1 @ = vy
K ,09% 9 o3 a0 309 '{"fma 3.0
c 4 -1 (J v y ','v_‘
H] 1 > ] v.y ¢ 1
2 1.84 1.8+ S v ﬁ - E
= ] ] =3 o v -
1.7 1.7 =284 = &y 284 2.8+
1.8+ 1.6 T 1T U T T T 1 T
61234 123 4 T1234 1 23 4
Grand Grand
Grand Day Grand Day Grand Day :::,‘,d Day M’:A"n Day Mr:.nn Day
Mean Mean Maean
C
Lab1 Lab 2 Lab 3
2 3.2 3.2+
15 Leb1 1.5 ka0 2 15 Lab3 3 o
] | | : 4 Jaga Aaa
! Ad
1.4 1.4 1.4 .€ ap™R = 3.04 20 2048 éﬂ
1 i ﬂ' . 5 o] . A
= 1.3+ 1.3 1.3 " 8 1, aaad T,v¥ -,
s s ] é 2284 4 a 284" aatd 58 b
N . - . A4
£ 424 s i 12 1249V yo¥ B D VN 0l g *B S, ] ¥
S a4 giga*c at } A a1 L P Ve
. % - . ] N Y
214, "“;4 a  1ida ﬂl" 1.1 b 52.61:( sof  26qx m.ﬁ 26
5 o] R 1= 3| 10984 ]
T 1.0 1.0 1.0 - b
2. 4 §,2.4— 2 é 249 w244
5 0.9-{ 0.9—{ o2 0.9 2 4! {" AL .
2 4 { do 3 ] i v v
b
2 0o é 084 2% 08 § 22- <& 2.2+ 22+
> 4 u{ 4 “{ v E ;‘ 4 4 4
[= !
é 0.77 P ox 0.7 vyvievivy 0.7-1 § 20 (2 A4 > 2.0'J 2.0_1
) v 1 1 = v v,
0.6 vv,vvv “V 0.6 0.6~ 1 ""' 1 p
P A v 05 05 1.8+ AT 1.8
T T 1 T » — T TT 9 ] 4
T,za t1234 12 %4 123 4 123 4 ‘1434
arang DY orma D8Y amng D8Y arana Day Qrand  D8Y arang  Pay
Meen Mean Mean Mean Mean Maean

Fig. 3. Estradiol measurements. See Fig. 2 for details. Fig. 4. Estrone sulfate measurements. See Fig. 2 for details.
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There is little evidence for time trends in any menopausal
phase (Fig. 2 a—c). Results are separated and rather consistent
across laboratories for mid-follicular women (Fig. 2a), but the
separation among women is less distinct for mid-luteal women
(Fig. 2b) and even less well defined for postmecnopausal
women, whose absolute values are also much lower (Fig. 2¢).

The percentages of variation attributable to variation
among mid-follicular women (100 ) are 97.9, 96.5, and 97.0%,
respectively, for the three laboratories (Table 1a). These per-
centages fall to 91.2, 90.3, and 81.9%, respectively, for mid-
luteal women and to 83.6, 61.1, and 62.3% for postmenopausal
women. The SEs indicate that the estimates of percentage of
variation (100 p) are known with good precision except for
Laboratories 2 and 3 in postmenopausal women, although some
estimates of variability among women, &,. are not very precise.

Correlations of the ranks of the grand means are perfect
between Laboratories 1 and 2 within menstrual phase (Table 2)
and high (0.99) overall. The ranks from Laboratory 3 do not
agree as well with Laboratories 1 and 2, especially among
mid-luteal and postmenopausal women.

The mean levels of log,, (estrone) are higher in Labora-
tory 1 than in the other two Laboratories (Table 3).

Estradiol. There are no consistent time trends in these meas-
urements (Fig. 3, a~c). Mid-follicular women are fairly well
separated (Fig. 3a), as arc mid-luteal women (Fig. 35). How-
ever, there are many overlapping measurements among post-
menopausal women (Fig. 3¢), who have much lower estradiol
measurements than premenopausal women. A lower threshold
of sensitivity at 0.7 (assay level 10°7 = 5.0 pg/ml) is seen for
Laboratory 2 among postmenopausal women (Fig. 3¢).

The percentages of total variation attributable to variation
among women (100 p) were 98.7, 98.4, and 98.6%, respec-

tively, for Laboratories 1, 2, and 3 for mid-follicular women

(Table 1b). For mid-luteal women, these estimates were 96.0,
97.3, and 96.2%, respectively. and for postmenopausal women,
the estimates fell to 91.3, 84.9, and 41.5%. Except for post-
menopausal women in Laboratory 3, the estimates of percent-
age of variation (100 p) have good precision, as indicated by
relatively small SEs.

Concordance of ranks of women in a given menopausal or
menstrual phase was high among all laboratories (Table 2), and
perfect between Laboratories 1 and 2. Laboratory 3 had higher
average values (Table 3).

Estrone Sulfate. No definite time trends are evident (Fig. 4,
a-c), although there is a suggestion of a decreasing trend in
Laboratory 1 for some mid-luteal (Fig. 4b) and postmenopausal
(Fig. 4c) subjects. There is some overlap of measurements
among subjects in all three menstrual phases.

The percentages of total variation attributable to variation
among mid-follicular women (100p) were 98.5, 98.1, and
93.6% respectively, for Laboratories 1, 2, and 3 (Table 1¢). The
corresponding percentages for mid-luteal women were 96.1,
96.1, and 94.6%, and for postmenopausal women the percent-
ages were 90.0, 96.5, and 65.7%. Except for postmenopausal
women in Laboratory 3, these estimates of 100 p have good
precision.

The ranks of the subjects’ mean responses were highly
correlated (0.90-1.00) between Laboratories 1 and 2 (Table 2).
Correlations with Laboratory 3 were lower and ranged from
0.60 to 0.80 within menstrual phases. Mean levels were signif-
icantly different among the three laboratories (Table 3).

Progesterone, There are no obvious time trends (Fig. 5, a—c).
Laboratory 2 has a lower threshold of sensitivity of 10 = 10

ng/di, which affects results for postmenopausal women (Fig,
5¢).

The percentages of total variation attributable to variation
among mid-follicular women (100p) were 95.7, 92.7, 92.1, and
92.4%, respectively, for Laboratories 1, 2, 3, and 4 (Table 14).
Corresponding percentages were 95.0, 97.4, 96.3, and 98.0%
for mid-luteal women and 62.2, 1.8, 80.8, and 23.5% for post-
menopausal women. Except for postmenopausal women, these
estimates of 100 p have good precision. The extremely low
value of 1.8% in Laboratory 2 among postmenopausal women
reflects the impact of setting all values at or below 10 ng/dl to
that threshold level.

Correlations among ranks of subjects’ means are high
among all four laboratories for mid-follicular and mid-luteal
women, but interlaboratory correlations are poor among post-
menopausal women (Table 2). Laboratories 1 and 2 yielded
mean values lower than Laboratories 3 and 4 (Table 3).

Approximate CVs. CVs are usually estimated by repeatedly
assaying samples from a single large pool of analyte and
dividing the SD of the measurements by the mean value. The
CVs typically depend on the mean concentration in the pool,
with larger CVs often associated with smaller mean values. The
variance of the natural logarithm of a hormone level is, by the
8 method (18), roughly the square of the CV. Because the SD
of the natural logarithm of an assay value is log (10) = 2.303
times the SD of the logarithm to the base 10 of the assay value,
we can approximate the CV (in percentage) from the data in
Table 1, a—d, by

100 X 2.303 X (62, + 62 + 6212)"~,

For example, from Table la, the CV for estrone in mid-follic-
ular women is approximately 100 X 2.303 X (0 + 0.042* +
(0.034)%2)' = 11.1%, as in Table 4. The divisor 2 in /2
arises because we are estimating the assay variability for a
randomly selected day and aliquot based on the mean of du-
plicate assay measurements.

Based on these methods, we estimate that the CVs for
estrogens are near 10% for mid-follicular and mid-luteal phase
wormen, except that Laboratory 2 has somewhat higher CVs for
estrone. CVs tend to be between 11 and 20% for postmeno-
pausal women.

For progesterone, CVs are near 10% for mid-luteal phase
women, who have the highest progesterone levels, near 20% for
mid-follicular phase women, who have the next highest pro-
gesterone levels, and near 30% for postmenopaunsal women.

Discussion

This study provides data on components of variability in estro-
gen and progesterone assay results and allows a comparison
between biological variability among women in a given men-
strual phase and other sources of variability including monthly
variation in assay procedures, aliquot variation, and replication
error on a given aliquot and day.

The estrogen data for mid-follicular and mid-luteal women
show that most of the variability (more than 90%}) is due to
variability among women. Even for postmenopausal women,
among whom estrogen levels are much lower, the proportion of
variability attributable to variation among women exceeds 84%
for estradiol and estrone sulfate (except for Laboratory 3).
These data indicate that a single estrone, estradiol, or estrone
sulfate measurement can discriminate among premenopausal
women in the same menstrual phase and that a single estradiol
or estrone sulfate measurement can discriminate among post-
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Table 1  Estimated square roots of variance [ and p ge of variation for logarithms (base 10) of estrone (a), estradiol (b), ek
progesterone (d) '
Laboratory 1 Laboratory 2 Laboratory 3
Components Sg::l:;o r:::!:l % Vfgg;‘““" Sg::lr: ur:; :f % v(,g;: a;‘ on Sg\me root ::f % V“‘ﬁ?li on Squal'e 100t of
(SF) (SE) (SE) ; (SE)
a. loglestrone)?
Mid-follicular phase women
Subject %) 0.366 (0.130) 979(L5) 0.446 (0.159) 96.5(2.5) 0.327(0.116) 97.0(2.2)
Analysis day (0%) 0 0.0 0.060 (0.014) 1.8 0.029 (0.010) 0.8
Aliquot (ar"‘c) 0.042 (0.007) 13 0.017 (0.021) 0.1 0.016 (0.016) 02
Replicution @ 0.034 (0.004) 09 0,057 (0.006) 1.6 0.047 (0.005) 20
Mid-luteal phase women
Subject (lrz.) 0.171 (0.061) 91.2(6.0) 0.198 (0.071) 90.3(6.8) 0.143 (0.052) 81.9(11.2)
Analysis day (02‘,) 0 00 0.051 (0.012) 59 0.033 (1.013) 4.4
Aliquot (ﬂ'z,:) 0.038 (0.007) 4.5 0.028 (0.007) 18 0.029 (0.013) 34
Replication (0’2) 0.037 (0.004) 44 0.029 (0.003) 20 0.051 (0.006) 103
Postnicnopausal women
Subject (a2 0.132 (0.048) 83.6(10.2) 0.200 (0.080) 61.1(20.5) 0.100 (0.038) 62.3(18.8)
Analysis day ((rlb) 0.023(0.012) 26 0.127 (0.029) 243 0.041 (0.016) 10.3
Aligquot (cr:'c) 0.024 (0.013) 27 0.077(0.016) 8.9 0.045 (0.012) 123
Replication (%) 0.048 (0.005) 111 0.061 (0.007) 57 0.049 (0.006) 15.1
b. logfestradiol)*
Mid-follicular phase women
Subject (0% 0.450 (0.160) 98.7 (0.9) 0.430 (0.152) 984 (1.2) 0.369 (0.131) 98.6 (1.0)
Analysis day (0%) 0 0.0 0.029 (0.011) 0.5 0.020 (0.010) 0.3
Aliguot (o) 0.039 (0.006) 0.7 0.034 (0.008) 0.6 0.026 (0.007) 0.5
Replication [Co) 0.033 (0.004) 0.5 0.031 (0.003) 0.5 0.029 (0.003) 0.6
Mid-luteal phase women
Subject (%) 0.264 (0.094) 96.0(2.9) 0.242 (0.086) 97.3(2.0) 0222 (0.079) 96.2 (2.7)
Analysis day (oy) 0.034 (0.011) 16 0.029 (0.007) 14 0.021 (0.008) 09
Aliquot (7%, 0.035 (0.007) 17 0.021 (0.005) 07 0.013 (0.012) 03
Replication @ 0.024 (0.003) 08 0.019 (0.002) 0.6 0.036 (0.004) 26
Postmenopaunsal women
Subject (02,) 0.229 (0.082) 91.3(5.9) 0.174 (0.062) 84.9(9.5 0.069 (0.029) 41.5(22.0)
Analysis day (%) 0 0.0 0.022 (1.020) L4 0.045 (0.017) 18.1
Aliquot (u"c) 0.060 (0.009) 63 0.036 (0.015) 3.6 0.052 (0.011) 23.8
Replication %) 0.036 (0.004) 23 0,060 (0.007) 10.1 0.043 (0.005) 16.5
¢. log(cstrone suifate)’
Mid-follicular phase women
Subject ((r:,) 0.356 (0.126) 98.5(1.1) 0.326 (0.116) 98.1(1.4) 0.216 (0.077) 936 (4.5
Analysis day (%) 0.016 (0.011) 02 0.022 (0.010) 0.5 0.028 (0.013) 16
Aliguot (0% 0.023 (0.008) 0.4 0.033 (0.006) 1.0 0.040 (0.008) 33
Replication (¢%) 0.034 (0.004) 09 0.022 (0.003) 04 0.027 (0.003) 15
Mid-luteal phase women
Subjcet (lrl,) 0.264 (0.094) 96.1(2.8) 0.215(0.076) 96.1 (2.8) 0.194 (0.069) 946(3.8)
Analysis day (a'zl,) 0.029 (0.011) 1.2 0.029 (0.008) 17 0.015 (0.015) 0.6
Aligquot (a2 0.034 (0.007 1.6 0.018 (0.006) 0.7 0.035 (0.007) 31
Replication [C5) 0.028 (0.003) 11 0.026 (0.003) L5 0.027 (0.003) 18
Postmenopausal women
Subject (0'2,) 0.282 (0.101) 90.0(6.8) 0.198 (0.070) 96.5(2.5) 0.091 (0.035) 65.7 (18.6)
Analysis day (a%) 0.061 (0.017) 43 0.006 (0.024) 0.1 0.044 (0.013) 154
Aliquot (o%) 0.037 (0.015) 15 0.031 (0.006) 2.3 0.041 (0.008) 13.4
Replication (¢2) 0.062 (0.007) 43 0.021 (0.002) 11 0.026 (0.003) 55
d. log(progesterone)®
Mid-follicular phuse women
Subject (o"".) 0.386(0.137) 95.7(3.1) 0.357 (0.128) 92.7(5.3) 0.315(0.112) 92.1(5.4) 0.344 (0.124) 92.4(5.6)
Analysis day ((r:..) 0.015 (0.050) 0.1 0.083 (0.018) 5.0 0.034 (0.019) 1.0 0.092 (0.01%) 6.7
Aliquot (%) 0.073 (0.013) 3.5 0.038 (0.010) 1.0 0.012 (0.061) 0.1 0.031 (0.005) 0.8
Replication (u%) 0.034 (0.004) 0.7 0.041 (0.005) 1.2 0.085 (0.010) 6.7 0.013 (0.001) 0.1
Mid-lutcal phasc women
Subject (o2, 0.252 (0.090) 95.0(3.6) 0.286 (0.102) 97.4(1.9) 0.235 (0.084) 96.3 (2.7 0.236 (0.084) 98.0(1.5)
Analysis day (v2) 0.030(0.013) 14 0.022 (0.012) 0.6 0.031 (0.008) 1.7 0.027 (0.006) 13
Aliquot (6%) 0.039 (0.008) 23 0.039 (0.007) 1.8 0021 (0.006) 0.7 0.011 (0.004) 02
Replication [T2) 0.030 (0.003) 14 0.014 (0.002) 0.2 0.027 (0.003) 1.3 0.017 (0.002) 05
Postmenopausal women
Subject (Uz.) 0.203 (0.078) 62.2(19.0) 0.012(0.055) 1.8(17.2) 0.302 (0.109) 80.8(11.6) 0.079 (0.050) 23.5(24.6)
Analysis day (02,,) 0.091 {0.031) 125 0.073 (0.015) 71 0.000 0.0 0.130 (0.026} 63.4
Aliquot (azc) 0.083 (0.024) 105 0.030 (0.008) 123 0.108 (0.019) 103 0.055 (0.009) 1.2
Replication (0’2) 0.099 (0.011) 14.8 0.033 (0.004) 148 0.100 (0.011) 8.8 0.022 (0.002) 1.9

“ Percentage of variation is 100 times the ratio of a given variance component to the sum of the variance components.
® Units are log,(estrone), where estrone is in pg/ml.

< Unils arc log, o(estradiol), where estradiol is in pg/ml.
¢ Units are log,q(estrone sulfate), where estrone sulfate is in pg/ml.
¢ Units are log,g(progesterone), where progesterone is in ng/dl.
/ An entire aliquot was missing for one individual. Missing values were estimated by least squarcs, and degrees of frecdom were adjusted.
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Table 2 Speuarman correlations among the ranks of the grand mean assay valucs for women in various menstrual phases®

Laboratory 2 Laboratory 3 Laboratory 4
Estrone Estradiol Estrone sulfate Progesterone Estrone Estradiol Estrone sulfate Prog ne Progesterone
Mid-follicular
Laboratory 1 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 1.00
Laboratory 2 1.00 1.00 0.80 0.80 1.00
Laboratory 3 0.80
Mid-luteal
Laboratory 1 1.00 1.00 0.90 1.00 0.60 1.00 0.60 1.00 1.00
Laboratory 2 0.60 1.00 0.70 1.00 1.00
Laboratory 1.00
Postmenopausal
Laboratory | 1.00 1.00 1.00 0.82 0.70 0.90 0.70 0.70 0.50
Laboratory 2 0.70 0.90 0.70 0.41 0.67
Laboratory 3 0.60
All Women
laboratory 1 0.989 0.996 0.989 0.990 0.925 0.996 0.943 0.918 0.979
Laboratory 2 0.925 0.996 0.943 0.899 0.988
Laboratory 3 0914
“ All correlations above 0.90 are significant at the P < 0.05 level.
Table 3 Comparisons among laboratories”
Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 Two-sided signed rank P
log(estrone) (laboratory vs. laboratory)
Mean 1.732 1.660 1.658 1 vs. 2, 0004
1 vs. 3, 0.048
2 vs. 3, 0.600
Correlations 1.0 0.994% 0.921*
1.0 0.906°
1.0
log(estradiol)
Mean 1.687 1.698 1.907 1 vs. 2, 0.5250
1 vs, 3, 0.0001
2 vs. 3, 0,0001
Corrclations 1.0 0.998% 0.993%
1.0 0.996"
1.0
log(estrone sulfate)
Mean 2.899 3.036 3340 1 vs. 2, 0.0001
1 vs. 3, 0,0001
2 vs. 3, 0.0001
Correlations 1.0 0.995” 0.962°
1.0 0.973"
1.0
log(progesteronc)
Mean 1.846 1.836 2.017 2.013 Ivs 20229
1 vs. 3, 0.107
1 vs. 4, 0.000
2 vs. 3, 0.000
2 vy 4, 0.000
3 vs. 4, 0.679
Correlations 1.0 0.989* 0.972% 0.992¢
1.0 0.975* 0.996%
1.0 0.973%
1.0

“ These comparisons are based on the grand means of all values of the log (assay) for each of 15 women. The grand means and correlations of these grand means are shown.

" Indicates P < 0.001.

menopausal women. The estrone data from Laboratories 2 and
3 are not as promising for postmenopausal women, although,
for Laboratory 1, 84% of the variability was attributable to
variation among women. Thus, the estrogen assay performance
is good enough to add useful epidemiological information
above that provided by menopausal status and menstrual phase.

Progesterone measurements are also quite reliable for dis-
criminating among women in the mid-follicular and mid-luteal
phases of the menstrual cycle, with more than 90% of the
variability attributable to variation among women. For post-
menopausal women, whose progesterone values are lower, the
percentage of variation attributable to variation among women
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Table 4 Approximate CVs (in percentages)
Laboratory
1 2 3 4
Estrone
Mid-follicular 11.1 17.1 108
Mid-lutcal 0.6 142 13.1
Posimenopausal 10.9 35.6 16.1
Estradiol
Mid-follicular 1.5 115 8.9
Mid-luteal 119 8.8 82
Postmenopausal 15.0 13.8 172.3
Estrone sulfate
Mid-follicular 85 9.8 12.1
Mid-luteal 113 89 9.8
Postmenopausal 19.3 8.0 14.5
Progesterone
Mid-follicular 18.0 2.1 16.1 22,5
Mid-luteal 123 106 9.7 7.3
Post-menopausal 32.6 19.0 29.7 327

Values shown are 100 X log,(10) (8%, + &%, + &%2)"*, Sce text for explanation
of relation to the CV.

was 62% for Laboratory 1 and 81% for Laboratory 3, suggest-
ing that more than one measurement might be useful to dis-
criminate among postmenopausal women. The sensitivity

- threshold of 10 ng/dl used by Laboratories 2 and 4 affected

many measurements and severely limited the ability to discrim-

inate among postmenopausal women.,

We have emphasized that because hormone levels vary
widely among women, compared to laboratory error, it is pos-

"sible to rank women reliably, in most cases, even within the

same menstrual phase. Estimates of CVs indicate, however, that
the laboratory component of variation can be large, compared
to mean assay levels, especially among postmenopausal women
with relatively low hormone levels (Table 4).

The percentage of total variability attributable to variation
among women is 100 times the estimated intraclass correlation
p =0 /0>, + g% + o2, + o?). The intraclass correlation is
an important indication of the effect of assay measurement error
on study results. One can compare a study with a single meas-
urement on each subject to a study with a large number of
Mmeasurements on each subject (many days, aliquots, and rep-
licates) in terms of p. Regression analyses relating the log
relative risk of disease to the log hormone assay level will tend
to be attenuated by the factor p in the former study, compared
to the latter study (19). The number of subjects in the former
study needed to have an equivalent power to detect an associ-
ation as in the latter study is 1/p times as great as the number
of subjects in the latter study. With p greater than 0.90, there is
little attenuation, and a single measurement per woman pro-
vides nearly the same information as many measurements per
worman.

There were some variations in the mean assay levels
among these laboratories (Table 3), but the correlations of
rankings of mean subjects’ results among laboratories were
good, especially between Laboratories 1 and 2.

~ Laboratory 1 exhibited relatively high intraclass correla-
tions for all assays and menstrual phases, and Laboratory 2 also
yielded high intraclass correlations except for progesterone
assays in postmenopausal women, whose values often fell be-
low a sensitivity threshold.

The estimated values of p are subject to systematic and
random uncertainty, the latter reflected in the relatively large

SEs in Table 1, a—d, for postmenopausal women. To estimate
p more accurately and precisely, larger numbers of randomly
selected women in each menstrual class would need to be
studied, or extermal information on assay variation among
women in each menstrual phase could be used. To estimate p
precisely, one needs a more precise estimate of the variability
among women, o,%, than can be obtained from the study of only
a few women. For postmenopausal women, we compared re-
sults in Table 1, a and b, with published data for estrone and
estradiol, with care taken to translate results in the literature to
estimates of ¢,> appropriate to logarithmic measurements (base
10). For estrone, the value o,> = 0.171% = 0.029 from Labo-
ratory 1 (Table la) is very near the average laboratory estimate,
0.027, derived from Table 1 in Hankinson er al. (2). We
calculated the corresponding estimate from the data in Table 2
of Cauley er al. (20) as {11.9°]29.9% X 1n*(10)]} X 0.836 =
0.025. This formula is based on the § method approximation
(18) to the variance of log,, (estrone), and the factor 0.836
(from our Table la) was used to convert the total variance of an
observation to o, The 176 postmenopausal women in the
study of Cauley et al. (20) were white inhabitants of the
metropolitan Pittsburgh area who were participating in a clin-
ical trial to evaluate the effect of walking on postmenopausal
bone loss. These results suggest, if anything, that estimates of
a,? for Laboratory | may be slightly too small, and that
estimates of p for Laboratory 1 should be higher for postmeno-
pausal women. For log,, (estradiol), the result &,> = 0.053 for
Laboratory 1 might be compared to derived estimates 0.071,
0.036, and 0.063, respectively, from Refs. 2, 21, and 20. The
latter estimate is probably too small, because 52% of the ob-
servations were set to a lower threshold of sensitivity, 2.5
pg/ml, when a value fell below threshold. The data from Ref. 21
may have been truncated at the sensitivity threshold of 10
pg/ml, accounting for the smaller estimate of o, found. Thus,
again, we take these data as indicating that estimates of p for
Laboratory 1 in Table 1b are, if anything, somewhat too small.
Additional studies of this type in randomly selected women
would be useful to obtain more accurate and precise estimates
of p.

In principle, one can learn from analyses of components of
variance (Table 1, a—d) how to efficiently allocate effort to
increase the reproducibility of study results. For example, if
there were much more variation among aliquots than among
replicates or days, one would increase the number of aliquots
used per subject. However, given the limited precision of our
results and the relatively small variability in assay performance,
compared to interindividual variation, we do not plan to pursue
this idea.

The estimated components of variance in Table 1 can also
be used to plan case-control studies. One can determine the
sample sizes needed to reliably detect a given difference, 8, in
hormone levels between cases and controls, or, alternatively, to
calculate the minimum difference that is reliably detectable
with a fixed number of cases and controls. For a two-sided o =
0.05 level test, the minimum difference detectable with power
0.9 is the solution to

&= (o + 0%+ oL+ o¥2)
X (liny + UUny) X (196 + 1.282)?

where n, is the number of cases, n, is the number of controls,
Z, = 1.96 is the 97.5th percentile of the standard normal
distribution, and Z, = 1.282 is the 90th percentile. The quantity
/2 is used for an experiment in which assay measurements on
the same aliquot will be performed in duplicate. For example,

®)
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with n, = 218 cases and n, = 2n, = 436 controls, and using
the estimated components of variance for log(estrone) in Table
1a for Laboratory 1, we calculated minimum detectable differ-
ences 0.099, 0.048, and 0.038, respectively, for mid-follicular,
mid-luteal, and postmenopausal women. These differences cor-
respond to percentage increases among cases compared to
controls of 26, 12, and 9.1%, respectively. For example (10°%°°
— 1) X 100 = 26%. These minimum detectable differences or
percentage increases in estrone arc determined principally by
our estimates of variation among women, &°,, which usually
exceed other sources of variation. Because ag is imprecisely
known, the estimates of minimal detectable dlfferenccs are also
uncertain, It is worth noting that smaller differences are detect-
able among postmenopausal women than among women in the
mid-follicular or mid-luteal menstrual phases, despite the fact
that the intraclass correlations are higher in the latter groups.
This is because the bxologlcal component of variability, repre-
sented by &7, is smallest in postmenopausal women.

We have mentioned that the sensitivity thresholds of 10
ng/dl for progesterone used by Laboratories 2 and 4 limited
their ability to discriminate among postmenopausal women.
These effects of censoring at a threshold are apparent in Fig, Sc.
Such censoring also affects the statistical analyses we used and
usually leads to smaller estimates of intraclass correlation and
CVs than would have been observed in the absence of a
threshold. The figures suggest, however, that these distortions
would only be appreciable for postmenopausal women for
progesterone (Laboratories 2 and 4) and estradiol (Laboratory
2).

One important component of variability was not estimated
in this study, namely, the biological variability for a given
woman from day to day. Instead, our study used aliquots from
a given woman all prepared from blood drawn at one time, so
that our estimates o, in Table 1 reflect only month-to-month
variation in laboratory performance. If one desires to estimate
the long-term average hormone level for a woman, and if
biological variability from day to day is appreciable, one may
necd to take several measurements on the same woman over
time. For example, Cauley et al. (22) estimated another “intra-
class correlation™ coefficient, namely, the intraclass correlation
of measurements on the same woman over time, This quantity
will be reduced either when there is substantial within-woman
biological variability over time or substantial assay variability
over time. For postmenopausal women, they found intraclass
correlations over 2 years of 0.56, which was comparable to the
intraclass correlation within women of blood pressure meas-
urements. Such data suggest that if the aim of a study is to relate
cancer risk to long-term average hormone levels, more than one
observation per woman may be more cost efficient than study-
ing larger numbers of women.

The present feasibility study was designed to answer a
different question for case-control studies in which a single
sample was obtained for each woman, namely, are the labora-
tory procedures precise enough to permit reliable rankings and
comparisons among women in the same menstrual phase. With
some qualifications, especially for postmenopausal women, our
data give cause to believe such studies are feasible with assays
performed over several months, even based on a single aliquot
per subject.
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